Introduction {#s1}
============

Type 2 Diabetes (T2D) is a metabolic disorder characterized by elevated high blood glucose levels due to relative insulin deficiency or insulin resistance [@pone.0067126-Choi1]. Approximately 285 million people are affected by diabetes worldwide and this number is expected to increase in the coming years according to the International Diabetes Federation. The economic cost associated with diabetes is huge on individuals and healthcare delivery systems worldwide. In addition to age and obesity, hyperglycemia-induced oxidative stress is thought to be a major risk factor in the development of various diabetic complications that ultimately affect the well-being of eye, heart, kidney, nerves, and blood vessels [@pone.0067126-WHO1], [@pone.0067126-Srivastava1].

Hyperglycemia exerts its effects via several mechanisms including increased polyols pathway flux, increased formation of advanced glycation end products (AGE), activation of protein kinase C (PKC) and elevated levels of mitochondrial ROS in the affected tissues. In particular, increased oxidative stress and depleted anti-oxidant defenses by hyperglycemia are causally linked to mitochondrial dysfunction and increased ROS as well as micro and macrovasular complications [@pone.0067126-Choi1], [@pone.0067126-Rains1]. Growing evidence indicates that chronic exposure to hyperglycemic conditions accelerates the development of diabetic cataract [@pone.0067126-Argirova1], [@pone.0067126-Ughade1].

At present we lack a clear understanding of the critical components of glucose homeostasis as well as the precise molecular basis of diabetic cataract formation. Recently, Forkhead box O (FoxO) proteins, a family of transcription factors, have been implicated in the regulation of oxidative stress and several other diverse physiologic processes including stress resistance, cell differentiation, cell-cycle arrest, stem-cell homeostasis, metabolism, apoptosis, and life-span extension [@pone.0067126-Kops1], [@pone.0067126-Murphy1]. In mammals, four isoforms of FoxOs and their molecular and protein characteristics have been reported [@pone.0067126-Calnan1], [@pone.0067126-Greer1]. Of this, FoxO1 and FoxO3a share extensive homology and function and also have been implicated in the control of oxidative stress [@pone.0067126-Essers1].

Abnormal activity of FoxOs has been implicated in the regulation of glucose and insulin metabolism as well as in the development of diabetes in a mouse model [@pone.0067126-Kim1]--[@pone.0067126-Nakae1]. Expression of FoxO proteins in ocular tissues have been reported though its function has not been fully examined [@pone.0067126-Li1], [@pone.0067126-Zheng1]. In this study, we examined hyperglycemia-induced changes in FoxO3a protein expression, mitochondrial membrane integrity, and MnSOD, a transcriptional target of FoxO3a, to better understand the mechanisms of diabetic cataract in lens cells under *in vitro* conditions. Our results demonstrate that FoxO3a is a stress response protein in eye lens cells and its expression correlate with other surrogate biomarkers of oxidative stress such as mitochondrial membrane potential and MnSOD protein expression under conditions of hyperglycemia.

Materials and Methods {#s2}
=====================

Cell Culture and Treatments {#s2a}
---------------------------

Human lens epithelial (HLE-B3) cell line was purchased from ATCC (Manassas, VA) and stock cultures were maintained in RPMI-1640 medium (Life Technologies, CA) supplemented with 20% FBS, penicillin/streptomycin antibiotic mix (50 U/mL) at 37°C in the presence of 5% CO~2~. At the time of experiment, cells from stock cultures centrifuged, washed, and seeded into 35 mm dishes for overnight in RPMI-1640 medium containing 10% FBS to minimize serum-mediated effect. In each dish, 1 million viable cells (1×10^6^) were seeded and treated with different doses of glucose for a period of 0--72 h. Mannitol treated (25 mM) group served as osmolality control. Cells were incubated at 37°C in CO~2~ incubator in humidified atmosphere for 0, 6, 12, 24, 48 and 72 h. In a separate experiment, cells were co-treated with 10 mM of anti-oxidant, N-acetyl cysteine (NAC) and harvested after 72 h.

SDS-PAGE and Western Blot Analysis {#s2b}
----------------------------------

After glucose treatment, cells were washed thrice with PBS and cell lysates were prepared in RIPA lysis buffer. Protein concentration was estimated by BCA assay and 20 µg of protein was loaded in each lane and bands were resolved by 10% SDS-PAGE. The gel was transferred to nitrocellulose membrane and blocked with 5% non-fat dry milk (NFDM) for an hour at room temperature. The blot was then incubated with any one of the FoxO antibodies for overnight at 4°C in 2.5% NFDM: anti-FoxO3a antibody (catalog \# 2497), anti-phospho-FoxO1 (Thr 24)/phospho-FoxO3a (Thr32) antibody (catalog \# 9464). All antibodies for Western blot detection were purchased from Cell Signaling (Danvers, MA, US). Blots were washed off primary antibody diluted with Tris-buffered-saline containing 0.1% tween-20 for three times and subsequently incubated with HRP-conjugated goat- anti- rabbit IgG antibody. Enhanced chemiluminscence substrate was used to detect the signal. To detect MnSOD specific protein, polyclonal rabbit anti-MnSOD (SOD2) antibody (catalog \# 13533; Abcam, MA,) was used at a concentration of 1 in 5000. The blots were stripped and re-probed with mouse monoclonal α-tubulin antibody (Santa Cruz Biotechnology Inc., CA, catalog \# sc5286) which served as an internal control.

Measurement of Mitochondrial Membrane Potential (ΔΨm) {#s2c}
-----------------------------------------------------

JC-1 is a cationic, positively charged fluorescent dye that exhibits potential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift from green (∼525 nm) to red (∼590 nm). Consequently, the mitochondrial depolarization is indicated by a decrease in the red/green fluorescence intensity ratio. After appropriate treatment, cells were gently dislodged and loaded with 2 µM of JC-1 dye in 1 mL PBS and incubated for l5 min at 37°C. Cells were immediately analyzed by a flow cytometer (BD FACS LSR II) and were gated using appropriate settings in FL1 (green) and FL2 (red) channels. As a positive control, cells were treated with the mitochondrial membrane disrupter, CCCP (carbonyl cyanide 3-chlorophenylhydrazone (50 µM) for 5 min at 37°C. For each treatment condition, at least 10,000 cells were gated and statistically analyzed.

Immunofluorescence Staining for FoxO3a {#s2d}
--------------------------------------

For confocal microscopy, 20,000 cells were plated and treated with low and high glucose for 72 hours in 35 mm glass-bottom culture dishes (Mat-Tek, MA). At indicated time intervals, cells were washed in PBS and fixed with 4% paraformaldehyde for 20 min at room temperature and then permeabilized with 0.3% Triton X-100 for 10 minutes. After permeabilization, cells were washed with PBS, blocked with 10% normal goat serum and stained with anti-FoxO3a antibody in blocking buffer for overnight at 4°C at a dilution of 1 in 100. Cells were subsequently stained with goat-anti-rabbit conjugated Alexa Flour 488 (Life Technologies, CA) at a dilution of 1 in 500 in blocking buffer for 1 h at room temperature. The nucleus was counter-stained with Hoechst 33342. Cells were immediately examined under LSM 510 confocal microscope and the images were captured at x63 oil immersion. The cytoplasmic and nuclear localization of FoxO3a was determined by counting at least 100 cells per experiment. These experiments were repeated at least three times and the results were expressed as percentage of positive cells.

Statistical Analyses {#s2e}
--------------------

One way ANOVA followed by post hoc comparisons by Tukey test were made to determine the statistical significance between various treated groups. All tests were performed using Prism 4 software (Graphpad, CA). The results were expressed as mean ± SD. The *p* values \<0.05 were considered significant.

Results {#s3}
=======

Spatial and Temporal Changes in the Expression of FoxO3a {#s3a}
--------------------------------------------------------

To investigate the role of FoxO3a in human lens epithelial cells under the influence of high glucose, we first examined the spatial and temporal expression of this protein. Initially, cells were treated with different concentrations of glucose ranging from 5.5 to 35 mM for 72 h and then we examined the expression of three FoxO proteins -- FoxO1, FoxO3a and FoxO4. These experiments revealed that only FoxO3a was highly responsive to hyperglycemic treatment whereas no appreciable changes were detected with FoxO1 and FoxO4 ([Figure 1A & 1B](#pone-0067126-g001){ref-type="fig"}).

![Hyperglycemic condition induces FoxO3a expression in dose and time-dependent manner.\
**A**. Representative Western blots data showing the expression of FoxO3a protein after glucose treatment. Human lens epithelial cells were treated with different doses of glucose and lysates were prepared after 72 h. Glucose at 5.5 mM served as basal concentration, whereas other doses were of hyperglycemic. **B**. Densitometric data of FoxO3a expression was determined by Image J software (NIH, USA) from three independent experiments. The α-tubulin served as loading control. A dose-dependent increase in FoxO3a expression was observed. The error bar indicates mean ± SD. **C**. Representative Western blots data showing the expression of FoxO3a at different time points after glucose treatment. Cells were treated with 25 mM concentration of glucose and cell lysates were prepared at 0, 6, 12, 24, 48 and 72 h. **D**. Densitometric data of FoxO3a for the Western blot obtained in three independent experiments. A time-dependent increase in FoxO3a expression was observed.](pone.0067126.g001){#pone-0067126-g001}

We observed that glucose as low as 15 mM concentration showed a statistically significant increase in protein expression and this trend continued up to 35 mM. Further experiments were then carried out using 5.5 mM as a basal control (low glucose) and 25 mM as high glucose concentration (or hyperglycemic dose). We then investigated the effect of 25 mM high glucose at various time points starting 0--72 h and compared FoxO3a expression with low glucose concentration (5.5 mM). Our results revealed that FoxO3a was up-regulated as early as 6 h post-exposure which was statistically significant from control cells and this effect persisted at all the time points during a 0--72 h period ([Figure 1C & 1D](#pone-0067126-g001){ref-type="fig"}).

N-acetyl Cysteine Reverses the FoxO3a Expression {#s3b}
------------------------------------------------

Based on our previous results we reasoned that high glucose exerts oxidative stress in eye lens cells. To neutralize this adverse effect, we co-incubated cells with and without NAC to study the protective effect of NAC on FoxO3a expression at 72 h time point. Our results suggest that NAC abrogated the high glucose-mediated FoxO3a up-regulation as shown in [Figure 2](#pone-0067126-g002){ref-type="fig"}.

![NAC treatment reverses the activation of FoxO3a.\
**A**. Cells were treated with 25 mM glucose+NAC for 72 h and the Western blot probed with FoxO3a antibody. Representative Western blots data showing FoxO3a protein expression. **B**. Densitometric analysis of the Western blot obtained in three separate experiments. Data shows NAC-mediated protective effect against oxidative stress by glucose. The β-actin was shown as loading control.](pone.0067126.g002){#pone-0067126-g002}

Subcellular Localization of FoxO3a Protein {#s3c}
------------------------------------------

The fact that subcellular localization of FoxO transcription factors is critical for various cellular functions have been extensively reported [@pone.0067126-Ponugoti1], [@pone.0067126-Kowluru1]. Under steady state conditions, Akt/PKB phosphorylation of FoxO excludes it from the nucleus by binding to 14-3-3-protein in the cytosol [@pone.0067126-Ponugoti1]. Under oxidative stress, translocation of FoxO proteins occurs either by stress kinase JNK pathway or by dysregulation of PP2A phosphatases [@pone.0067126-Singh1]. We therefore asked to determine whether high glucose mediates FoxO3a translocation to nucleus by one of the aforementioned pathways which were studied by Western blotting. Our results showed that levels of both p-FoxO1 (Thr 24)/p-FoxO3a (Thr 32) were dephosphorylated in a dose-dependent manner at 72 h time period ([Figure 3](#pone-0067126-g003){ref-type="fig"}). To extend these findings and to confirm nuclear localization of FoxO3a, we also examined subcellular localization of FoxO3a by confocal microscopy after glucose treatment at 72 h time point. Our results showed that 70% of cells were immunostaining positive for FoxO3a within the nucleus due to high glucose treatment, whereas this occurred in only 20% of cells when treated with low glucose ([Figure 4](#pone-0067126-g004){ref-type="fig"}).

![Western blot analysis of phospho-FoxO1 (Thr 24)/phospho-FoxO3a (Thr 32).\
**A**. A typical Western blot image of pFoxO1 (Thr 24)/pFoxO3a (Thr 32) protein expression after glucose treatment for 72 h. **B and C**. Densitometric analysis of the Western blot from three independent experiments. Data showed that both pFoxO1 (Thr 24) and pFoxO3a (Thr 32) were significantly dephosphorylated under hyperglycemic conditions in a dose-dependent manner. The β-actin was shown as loading control.](pone.0067126.g003){#pone-0067126-g003}

![Subcellular localization of FoxO3a.\
A. Representative confocal image showing FoxO3a expression in the cytoplasm under low basal concentration of glucose. **B**. Representative confocal image showing enhanced translocation of FoxO3a under hyperglycemic conditions. **C**. Quantification of immunofluorescence signal for FoxO3a in the cytosol and nucleus.](pone.0067126.g004){#pone-0067126-g004}

Hyperglycemia-induced Changes in MnSOD {#s3d}
--------------------------------------

MnSOD and catalase are the major anti-oxidant enzymes expressed in normal human lens epithelial cells which are transcriptional targets of FoxO1 and FoxO3a [@pone.0067126-deKeizer1]--[@pone.0067126-Tzivion1]. To determine whether MnSOD protein expression was altered under hyperglycemic conditions, we assessed the expression of MnSOD by protein gel analysis. We observed a dose-dependent increase in MnSOD expression after 24 h incubation with high glucose ([Figure 5A--B](#pone-0067126-g005){ref-type="fig"}). In addition, our data revealed a biphasic response of MnSOD protein expression during which there was a significant increase during the first 6 h period followed by a gradual decrease in expression between 24--72 h suggesting an adaptive responsive during the early hours of treatment followed by dysregulation of anti-oxidant biochemical defenses ([Figure 5C--D](#pone-0067126-g005){ref-type="fig"}).

![Hyperglycemic conditions diminished the expression of MnSOD.\
**A.** Representative Western blots data showing the expression of MnSOD in lens epithelial cells treated with different doses of glucose for 24 h. The α-tubulin served as loading control. **B**. Densitometric analysis of the Western blot obtained in three independent experiments. The results are expressed as mean ± SD. **C**. Representative Western blots showing the expression of MnSOD in lens epithelial cells treated with 25 mM of glucose at different time points. The α-tubulin served as loading control. **D**. Densitometric analysis of the Western blot obtained in three independent experiments.](pone.0067126.g005){#pone-0067126-g005}

Loss of Mitochondrial Membrane Integrity {#s3e}
----------------------------------------

Oxidative stress due to mitochondrial dysfunction was evaluated by JC-1 staining which measures mitochondrial membrane potential and integrity. JC-1 forms red aggregates in healthy and intact mitochondria whereas this becomes JC-1 monomers in the cytoplasm when the mitochondrial membrane integrity is compromised [@pone.0067126-Li1]. Lens epithelial cells were treated with both low and high glucose for 72 h and analyzed for JC-1 staining by flow cytometry. The data included in the flow cytometry histogram ([Figure 6](#pone-0067126-g006){ref-type="fig"}) demonstrated an adverse effect on mitochondrial membrane integrity as evidenced from the shift in the red fluorescence to green suggesting glucose-mediated toxicity.

![Hyperglycemic conditions decrease the mitochondrial membrane integrity.\
**A--C**: Representative flow cytometry histogram showing JC-1 staining after treatment with low glucose, high glucose and CCCP-treatment (positive control). **D**. Graph showing significant reduction of mitochondrial membrane integrity in cells treated with high glucose. The arbitrary units indicate the ratio of red/green fluorescence. The shift from red to green indicates the mitochondrial membrane depolarization.](pone.0067126.g006){#pone-0067126-g006}

Discussion {#s4}
==========

Hyperglycemia, characteristic of T2D is associated with the development of serious metabolic complications including cataracts, atherosclerosis, and nephropathy [@pone.0067126-Choi1], [@pone.0067126-Obrosova1], [@pone.0067126-Pollreisz1]. Prior studies have suggested that oxidative stress plays a key role in the development of diabetic cataract in which reactive oxygen species (ROS) are a primary cause of cellular damage [@pone.0067126-Murphy1], [@pone.0067126-Nakae2]. Studies from our laboratory have shown that the chaperone function of α-crystallin was significantly diminished during diabetic conditions [@pone.0067126-Cherian1], [@pone.0067126-Thampi1]. However, the molecular determinants of oxidative stress and the sequence of biochemical events leading to loss of α-crystallin chaperone activity in lens cells are far from understood [@pone.0067126-Pollreisz1], [@pone.0067126-Kumar1].

In this study, we demonstrate that FoxO3a is an early biomarker of oxidative stress in human eye lens cells under conditions of hyperglycemia. Elevated levels of FoxO3a expression was detected in eye lens cells as early as six hours after high glucose treatment which persisted throughout the incubation period which were both dose- and time-dependent. We also demonstrated that MnSOD, anti-oxidant enzyme and a transcriptional target of FoxO3a was dysregulated in these cells. In addition, we observed that high glucose significantly reduced mitochondrial membrane integrity suggesting mitochondria could be one of the targets of hyperglycemia in lens cells. Together, these data provide a mechanistic insight into the underlying causes of oxidative stress in eye lens cells where FoxOs seem to play a cell homeostatic role.

One of the goals of our study was to identify and characterize the early molecular determinants of oxidative stress after high glucose exposure so that they can be modulated by novel therapies so as to preserve the chaperone activity of α-crystallin proteins. Since FoxOs regulate the expression of anti-oxidant enzymes, MnSOD, catalase and stress-related gene products [@pone.0067126-Nemoto1], [@pone.0067126-Tran1], they could serve as good candidate proteins and bio-indicators of oxidative stress in these lens cells.

FoxO1, FoxO3a and FoxO4 were shown to be involved in glucose metabolism in organ systems and experimental models (reviewed in [@pone.0067126-Nakae1], [@pone.0067126-Ponugoti1], [@pone.0067126-Haeusler1]). Of the three FoxOs investigated in the present study, we found that only FoxO3a responded to high glucose treatment in the lens cells. Thus, we elected to study the role of FoxO3a in diabetic cataract by using a human eye lens cells.

Importantly, the seminal functions of FoxOs are mainly revealed under stress conditions, for example in a diabetic background [@pone.0067126-Ponugoti1], [@pone.0067126-Nakae2]. This notion is corroborated by the conditional deletion of FoxO1, FoxO3 or FoxO4 in adult mice where only a modest increase in neoplastic phenotype is observed [@pone.0067126-Paik1], whereas, under adverse conditions, DAF-16/FoxO in C.*elegans* enable worms to enter into 'dauer' stage for resistance of oxidative stress and long term survival. Taken together, this argues that the main, if not only, role of FoxOs is to act as homeostasis regulators, particularly in response to stress [@pone.0067126-Eijkelenboom1].

Generally, the effector functions of FoxOs are mediated by two evolutionarily conserved signalling pathways. In the presence of growth factors, FoxOs are negatively regulated by the canonical insulin signalling pathway through PI3K and protein kinase B (PKB; also known as AKT) which results in sequestration of FoxOs in the cytosol binding to 14-3-3 protein in an inactive state by phosphorylation [@pone.0067126-Dansen1]--[@pone.0067126-Tzivion1]. Under conditions of oxidative stress, FoxOs are activated through Jun N-terminal kinase (JNK) signalling pathway which result in nuclear translocation and DNA binding [@pone.0067126-Dansen1]--[@pone.0067126-Tzivion1]. In addition, several other signalling pathways are known to modulate FoxO activity [@pone.0067126-Eijkelenboom1]. In particular, immediately upstream of FoxO, the activity of Akt itself is governed by several protein kinases and phosphatases [@pone.0067126-Ni1]. Taken together, PI3K-PKB-FoxO signaling pathway ensures longer lifespan, whereas, the deregulation of this pathway contributes to two major age-related diseases, namely cancer and diabetes suggesting a pivotal role for FoxOs.

Given its importance in cell homeostasis, FoxO-mediated regulation of its transcriptional targets *in vivo* is highly context-specific, even in the same cell type [@pone.0067126-Paik1]. In the present study, we demonstrated nuclear translocation of FoxO3a after high glucose suggesting a role for JNK signaling pathway. Further studies are needed to elucidate the role of JNK and other signaling cascades. Our data revealed a biphasic response of MnSOD protein expression suggesting anti-oxidant biochemical defense during the first 0--24 h which diminished thereafter suggesting exposure to high glucose for a period beyond 48 h overwhelmed the anti-oxidant capacity of the cell. Results from two independent studies have suggested use of anti-oxidants prevented the oxidative damage to lens epithelial cells and arrested the loss of chaperone-like activity of α-crystallin in rat lens [@pone.0067126-Kumar1], [@pone.0067126-Kumar2]. In agreement, we also demonstrated restoration of FoxO3a protein expression to base levels with NAC, a well-known anti-oxidant suggesting dysregulation of FoxO3a expression can be reversed with the use of anti-oxidants.

In conclusion, our results demonstrate that exposure of lens epithelial cells to high glucose led to increased oxidative stress as evidenced from loss of mitochondrial membrane integrity and increased expression of FoxO3a which was reversed by NAC. Anti-oxidant enzyme MnSOD was modulated by high glucose in a biphasic manner suggesting the modulation of anti-oxidant enzymes by FoxO3a may be context-specific. To our knowledge, this is the first study reporting dysregulation of FoxO activity in lens cells under conditions of hyperglycemia. Further studies are necessary to elucidate the regulation of FoxO3a-mediated transcriptional activity during various stages of diabetic cataract development. This may be achieved by dissecting out the components of the signaling events during hyperglycemia induced metabolic stress.
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